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ABSTRACT

Thi s paper exanines the causes of heterogeneity in energy technol ogy
across a large set of manufacturing plants. This paper expl ores how regi ona
and intertenporal variation in energy prices, availability, and volatility
i nfl uences a plant's energy technol ogy adoption decision. Additionally, plant
characteristics, such as size and energy intensity, are shown to greatly
i npact the energy technol ogy adoption decision. A nodel of the energy
t echnol ogy adoption is devel oped and the paraneters of the nodel are estimated
using a large, plant-level dataset fromthe 1985 Manufacturing Energy
Consunpti on Survey (MECS)
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. 1 NTRODUCTI ON

The energy requirenents for many manufacturing processes nmay be net by
using nore than one type of fuel. ! For instance, industrial boilers are
designed to burn either coal, natural gas, distillate fuel oil, or residua
fuel oil. 2 There are also boilers capable switching to other fuels in the
short run without disrupting production. According to data fromthe 1985
Manuf act uri ng Energy Consunption Survey (MECS), which asked approxi mately
8,500 plants about their energy consunption and energy technol ogy, 18.9% of
manuf act uri ng plants possess the capability to switch to other fuels in the
short run. The renmaining plants rely primarily on single fuel technol ogy;
38.8%on natural gas, 30.1%on electricity, and 11.4%on petrol eumfuel oils.

The objective of this paper is to uncover the causes of this
het erogeneity in energy technol ogy by nodeling the factors that enter into the
pl ant | evel energy technol ogy decision, and then estimate the nodel paraneters
using the 1985 MECS data. ® There are several reasons for pursuing this line
of research. The first is to explore one aspect of the nanufacturing sector
response to shocks in energy prices. 4 To understand how t he manufacturing
sector responds to an energy price shock, especially if the price shock
primarily affects a single fuel, we nust understand the factors that influence

! Not all the energy requirenents for production processes can
econonmcally be met with any fuel. For instance, in the production of
al um num from bauxi te, the physical characteristics of electricity give it a
cl ear advantage over other fuels. However, for many process heating
appl i cations and steamgeneration, different fuel s can be used. |n 1976,
approxi mately 5,000 Annual Survey of Manufacturing plants were queried about
their fuel consunption, and whether their energy needs could be net by
consunm ng al ternative fuels. These plants responded that only 14. 4% of
distillate fuel oil, 8.7%of residual fuel oil, 11.2%of natural gas, and
22.3% of coal consumed coul d not have been replaced by other fuels.

2 According to Therno-E ectron Corporation (1976), steam production
accounts for 45%of industrial energy use. The 1991 Manufacturing Energy
Consunption Survey will provide estinmates of the amount of total energy
devoted to boilers, process heating, and facility heating and |ighting.

8 The literature on energy technol ogy for manufacturing plants is scant
since plant level-data on this subject is not widely available. One study,
sponsored by the Energy Information Adninistration (1986), uses Dun and
Bradstreet's Major Industrial Plant Database to exanine the choice of fuels of
pl ants that possess fuel switching technology. There have been numerous
studi es that exanine fuel choice at a residential |evel, including Hartman
(1984).

4 Qher responses that plants have to an increase in energy prices
i ncl ude producing | ess energy intensive products, closing down, or adopting
nore energy efficient technol ogi es.



a plant's energy technology decision. > nce the plant |evel relationships are
establ i shed, then the aggregate response across the underlying distribution of
manuf acturing plants can be conputed. ¢ For instance, if all manufacturing
pl ants possessed fuel switching technologies, the aggregate price elasticities
for a fuel would be much higher than if all plants possessed single fue
technol ogies. 7

The second reason for examining the plant |evel energy technol ogy
adoption decision is the inportance being placed on the production of
greenhouse gases fromthe conbustion of fossil fuels. In terms of the anount
of carbon di oxi de rel eased per unit of energy, coal is the nost carbon
i ntensive while natural gas is the | east. & (ne nethod for reducing carbon
di oxi de produced by the manufacturing sector is to invoke policies that woul d
encourage plants to switch to | ess carbon intensive fuels, policies that
i nfl uence the energy technol ogy decision of plants.

This paper studies the factors that enter into a plant's energy
t echnol ogy adoption decision in an attenpt to uncover the econom c sources
that generate heterogeneity in energy technol ogy. The factors we exam ne can
be divided into two groups: energy market conditions and pl ant
characteristics. The first set of factors describe energy narket conditions
such as fuel prices, availability, and price volatility. Energy markets have
under gone radi cal changes over the past two decades, including the supply
constrictions of CPEC and the deregul ation of natural gas. In addition to the

5 Energy narkets have witnessed their share of shocks in the 1970's and
1980's. Shocks in energy prices began as shocks to particular fuel types.
Nat ural gas, the nost widely used fuel in the industrial sector, underwent
significant changes in deregulation with the passage of the 1978 Natural Gas
Act. As aresult of this legislation, natural gas prices increased closer to
true market levels, alleviating previous supply shortages. The price
volatility for petrol eumbased fuels arose as result of the creation and
effectiveness of CPEC. The volatility of oil prices has continued with crude
oil prices plumreting in 1986, closely followed by natural gas prices. In the
first five nonths of 1986, the price of residual and distillate fuel oils
dropped 44% The inpact this price change had on the fuel choice of the
electric utility industry is exanined in Department of Energy (1986).

5 As one exanpl e, Stoker (1987) presents an exanple of the inportance of
the underlying distribution of agents when exam ning the rel ationshi p between
i ncone and consunpti on.

7 Several studies have estimated inter-fuel elasticities for the
i ndustrial sector using aggregate data, including Hazilla and Kopp (1984) and
Pi ndyck (1979).

& Nunerous studies have energed that estinmate the inpacts of carbon
based taxes, such as Jorgenson, Sl esnick and WIcoxen (1991). See Hoeller et
al (1990) for a review



i ntertenporal shocks in energy markets, geography provides anot her source of
energy price and supply variation. The geographic and intertenporal variation
in energy market conditions provide natural experinents to exam ne how past
and present price and supply conditions influence the 1985 distribution of
ener gy technol ogi es.

The second set of factors that contribute to the observed heterogeneity
in energy technology is the heterogeneity in the characteristics of
manuf acturing plants. Fuels differ in their qualities, such as ease of use
cl eanli ness, and heating properties. The econom es associated with each fue
will therefore vary by the energy application of each plant. For instance
plants that use energy intensive applications nay prefer fuels that have the
capability of reaching high, precisely controlled tenperatures. Additionally,
scal e econom es vary by fuel, as fuels like coal require storage facilities
and pol [ ution abaterment equipnent. There is tremendous variation across
plants in both energy intensity and amount of energy consumed, so the
di stribution of energy technologies is in part attributable to the underlying
di stribution of energy characteristics of manufacturing pl ants.

This paper uses a putty-clay capital franework to nodel the energy
t echnol ogy adoption decision of plants. ® Before the energy technology is
adopted, a plant may choose froma host of technol ogies that differ by their
i nput requirement sets. For instance, plants nmay purchase boilers, ovens, and
heati ng equi prent designed to consume a single fuel, or a conbination of
fuels. The "clay" nature of the nodel is that plants can change the fuels
they consune if they undergo a fixed cost to change their capital. However,
the fuel switching technology provides an interesting twist to the traditiona
putty-clay framework, since adopting this technol ogy provides plants the
ability to be nore putty-putty than putty-clay. 10

® The nodel we develop is closely tied to Lanmbson (1990) in spirit. In
Lanbson's nmodel, a plant purchases capital that favors particular factors, and
the future prices of those factors are uncertain. The plant can only change
its capital with a fixed cost. Abel (1983) exanines the choice of energy
intensity when future energy prices are uncertain.

10 The energy technol ogy decision is inherently dynam c with plant
manager s deci di ng each period whether to keep their present energy technol ogy
or undergo a fixed cost to change their energy technology. A class of
enpirical dynam c nodels with discrete choices is reviewed in Eckstein and
Wl pin (1990). The papers reviewed estinmate dynam c di screte choice nodels in
whi ch econom ¢ agents deci de when to undertake an activity, such as replacing
a bus engine (Rust (1988)) or to renew a patent (Pakes (1986)).

Unfortunately, the estination techniques reviewed by Eckstein and Wl pin
require time series data, and the data avail able on energy technology is only
cross sectional; the energy technol ogy state of plants is observed in 1985

3



In response to the uncertainty over future energy market volatility,
plants may adopt fuel switching technologies. In the event of changes in the
rel ative prices of fuels, these technologies allow plants to purchase the
cheapest fuel at a point intine. An additional benefit of fuel switching
technology is that if there is a supply disruption, as was the case with
natural gas in the md 1970's, a plant can readily switch to a nore abundant
fuel. The last advantage of the fuel switching technology is that it provides
a plant a credible threat to change to other fuels. |If energy nmarkets are
i nperfect, plants with the fuel sw tching technol ogy can credibly bargain for
| ower fuel prices.

To test the various hypot heses regarding the influences of energy market
conditions and plant characteristics on the energy technol ogy a pl ant
possesses, a multinomal logit nodel of energy technol ogy choice is estinated.
Overall the results are encouraging. MNany of the energy market variabl es have
t he expected influences on the plant's technology. For instance, plants in
areas where natural gas is the | east expensive are nore likely to possess
technol ogies that rely solely on natural gas. |n areas in which natural gas
prices are conpetitive with the prices of other fuels, plants are nore likely
to possess fuel switching technologies. Additionally, the severity of natura
gas supply shocks of the 1970's appears to influence whether plants in 1985
have fuel switching capability.

In terms of plant characteristics, the anount of energy that plants
consune greatly influences the technol ogy choice, reflecting in part, the
di fferent econom es associated with the consunption of different fuels. The
energy intensity of the production process favors technol ogies that rely on
natural gas and distillate fuel oil. After controlling for energy narket
conditions and plant characteristics, there remains large innate industry
preferences towards particul ar energy technol ogi es.

Section Il of this paper describes the data and presents a series a
stylized facts involving plant |evel energy technol ogy distributions. A
sinpl e model of the energy technol ogy decision, one that hopeful |y captures
some of the nore salient features of the decision process, is presented in

wi thout knowi ng their previous or future state paths.

1 According to Wllianms (1985), after the Natural Gas Policy Act of
1978, natural gas pipelines did price discrimnate by charging custoners wth
fuel switching capability lower prices than customers with single fue
technol ogy. Using the 1985 MECS data, we find no significant natural gas
price advantage of plants with fuel sw tching capability.
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section Il1l1. Section |V presents estinates fromthe enpirical nodel. The
| ast section provides a few concl udi ng remarks.

I1. DATA AND STYLI ZED FACTS

The goal s of this section are to discuss the data sources, and then to
present some plant |evel tabulations using these data. These tabul ations
provide insight into howto appropriately model the energy technol ogy adoption
deci si on by showi ng the energy consunption patterns of plants, and how t hese
patterns vary by such characteristics as size and region.

The manufacturing plant-level energy data used in this study come from
t he 1985 Manufacturing Energy Consunption Survey (MECS). The MECS collects
pl ant | evel energy consunption and production data on 20 different types of
fuels fromapproxi mately 10,400 plants. In addition, the MECS al so collects
i nformati on on the degree which other fuels coul d have been consumed wit hout
di srupting production. This portion of the survey, the fuel swtching
conponent, asks plants about their ability to switch between the five nost
conventional fuels within 30 days w thout disrupting production. O the
10, 400 pl ants, 8,589 responded to questions concerning their ability to use
other fuels. 1213

2. The plants that did respond to the switching portion of the survey
accounted for 87, 92, 79, 91, and 93%of the total 1985 estimates of
electricity, natural gas, distillate, residual, and coal and coke consumned.

13 The Petroleum Refining and Primary Metals industries are not included
inthis analysis. Petroleumrefining plants use the fuels they create to
provide their energy needs. For primary metals, steel and alumnumare the
two | argest conponents. |In the production of alumnum electricity, because
of its physical properties, is used to transformbauxite into pure al um num

In steel, there are two domi nant steel making technologies that rely on
different fuels. The last integrated steel plant was constructed in 1964,
whil e every new steel naking facility constructed since 1964 uses electric arc
furnace technology. Integrated steel naking facilities receive a majority of
their energy requirements fromcoal, while electric arc facilities rely
primarily on electricity. The decision to construct an integrated pl ant
versus an electric arc plant depends on nmany factors including scale, scrap
netal availability, and final product. In the case of steel, energy
t echnol ogy choice is not independent of the much |arger production technol ogy
choi ce.






figure 1- total consunption



To meet its energy needs, the manufacturing sector relies on a variety
of fuels. Figure 1 presents a sunmary of fuel use and fuel switching
capability for the manufacturing sector. Each bar in figure 1 is conposed of
three segnents representing non-switchabl e, swtchable, and potential fuel
use. The non-switchabl e regi ons represent the BTU anount, of fuel consuned
that plants reported that they could not replace in the short run wthout
di srupting production. The switchable portion of each segnent represents the
amount of fuel used that could have been repl aced by other fuels without
di srupting production. The sumof the sw tchable and non-swi tchabl e portions
is the anmount of the fuel consumed. The third segnent of each bar in figure 1
represents the amount of each fuel that was not consumed, but coul d have been
consuned had all plants with the ability to burn that fuel chose to do so.
This amount is the potential use for each fuel.

Notice that although the use of energy is heavily concentrated with
natural gas providing 41. 7% of total energy requirenents, the capability
exists for there to be much I ess concentration since 45.9% of natural gas
consumed coul d have been switched to other fuels. D stillate and residual
fuel oils, provide only 5.8%of total energy needs, but they could provide up
to 26.6% These figures suggest that there are consi derabl e and econonically



Quadrillion BTUs

FIGURE 1: 1985 MANUFACTURING FUEL
CONSUMPTION AND SWITCHING CAPABILITY
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i abl e substitution possibilities between fuels.

e of objective of this investigation is to determ ne the causes of the
determ nants of fuel technol ogy choice at the plant Ievel in order to help
better understand aggregate distributions. However, the quantities in figure
1 do not describe the energy consunption patterns and fuel switching
capability of individual plants. For instance, do the statistics in figure 1
suggest that all nanufacturing plants consume a variety of fuels, or do
i ndi vi dual plants consune only one type of fuel? Sinilarly, 30%of the energy
derived fromcoal consunption coul d have been provided by other fuels. Does
this inply that 100% of the plants that consurmed coal coul d have reduced their
coal consunption by 30% or, at the other extreme, that 30%of the plants
coul d have reduced their coal consunption by 100% The answers to these
questions are needed to accurately nodel the energy technol ogy adoption
deci sion at a plant |evel.

e of the first points to recogni ze about plant |evel energy
consunption is that because of electricity's unique properties for lighting,
electric notors, and conputers, all plants consune electricity. Eectricity
can al so be used for other conventional purposes, such as space heating.
Unfortunately 1985 MECS and the LRD do not provide any information on how nuch
electricity is used in applications that could rely on other fuels. 14

The first two colums of table 1 present the wei ghted and unwei ght ed
distributions of the share of total plant energy requirenents that electricity
furnishes. ¥ The unwei ghted distributions are based on plant counts while the
wei ghted distributions are based on energy consunption. The first two col ums
reveal that nearly all nmanufacturing plants consune electricity, although the
dependence on this energy type varies considerably across plants. The
unwei ghted distribution shows that 54.6%of all plants receive | ess than half
of their energy requirements fromelectricity, while the weighted distribution
shows that these plants account for 91.8%of all energy consuned. These
figures suggest that, on average, large energy consumng plants rely | ess on
electricity than small energy consum ng plants. For instance, 7.9% percent of
manuf acturing plants receive up to 10%of their energy requirements from

14 According to a suppl enent to the 1975-1976 Annual Survey of
Manuf acturers, 50% of electricity consumed was reported to be non-
substitutable with other energy sources. Howarth et al (1992) find that the
i ndustrial sector in Norway relies nmuch nmore heavily on electricity than the
U S., as Norway possesses significant and rel atively inexpensive hydro-
electric capability.

5 nly .1%of manufacturing plants respond that they have the
capability of generating their own electricity.
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electricity. This same group of plants, 7.9%of the total population, uses a
di sproportionate 47.9%of the total anmount of energy consuned by the entire

popul ati on.
. _________________________________________________________________________________________________________________________________|]

TABLE 1
ENERGY CONSUMPTI ON DI STRI BUTI ONS

%EHectricity % Primary Fuel

Share(% Unweighted \Wéighted Unwei ght ed i ght ed

0 0.1 0.6 0.0 0.0
0-10 7.8 47.3 0.0 0.0
10- 30 26.0 35.0 0.0 0.0
30- 50 20.7 8.9 0.9 2.8
50- 70 11. 6 3.7 8.5 16.5
70-90 8.3 2.0 9.6 31.4
90- 100 3.1 1.7 13.1 35.2
100 22.4 0.8 67.9 14.1

% El ectricity is the plant's share of total energy that electricity
provi des.

% Primary Fuel is the share of non-electric energy met by a plant's
primary fuel.

The electricity share figures denonstrate that many plants prinarily
rely on non-electric fuels to neet their energy needs. The next two col ums
intable 1 present the distribution of the share of non-electric energy
requirenments met by the prinmary fuel. Again, weighted and unwei ghted
distributions are presented. An overwhelming majority of plants, 90.6%
obtain over 70% of their non-electric energy requirenents froma single fuel
and t hese pl ants consume 80. 7% of all energy.

Just as not all plants have the sane reliance on a single fuel, not al
pl ants have the capability of switching to other fuels. Figure 2 presents the
di stributions of the percent of each fuel that is switchable, where the unit
of observation is plant-fuel. 1 Notice that the switching distributions are
distinctly binodal: if a plant has any capability to switch away froma fue
type, then it is likely that a plant can switch nost of its consunption away
to another fuel type. Y

16 HEectricity is excluded fromfigure 2 since only 1.6%of electricity
consumed i s switchabl e.

¥ In nost 2 digit industries, over 90% of the plants that have
switching capability have natural gas as one of their primary fuel
possibilities.

11



figure 2: switching distributions
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The preceding tabl es and figures have shown that nearly all plants
consune electricity, a mpjority of plants rely heavily on one other fuel
source, and if plants possess any fuel switching capability, that capability
is likely to be considerable. Based on these stylized facts, and in order to
sinplify the analysis in this and subsequent sections, each plant's energy
technology is classified into one of six categories. The first step in
cl assifying the energy technology of a plant is to deternine the share of
total energy net by electricity. Table 1 shows that 22.4%of all
manuf acturing plants rely entirely on electricity, and another 7.7%obtain at
| east 80% of their energy requirements fromelectricity. |If a plant obtains
80%or nore of its energy requirenents fromelectricity, then its energy
technology is classified as ELEC 18

For the remaining plants, 69.9% of the sanple, the percent of non-
electric fuels that can be switched to other fuels is calculated. |f a plant
can substitute over 50%of its non-electric fuels, then the plant is
classified as SWTCH otherwise, its energy technology is classified by the
primary fuel source: DIST for distillate, RESID for residual, NAT GAS for
natural gas, and COAL for coal.

Table 2 presents the distributions of energy technol ogies by 2-digit
i ndustry. These distributions denmonstrate that although the distributions
vary by industry, each industry displays the capability to use a variety of
fuels, and each industry also has the ability to adopt fuel switching

8 An 80%cutoff is arbitrary. The estimates presented in the results
section appear robust to using an 80% 90% or 100%°t hr eshol d.
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FIGURE 2: PLANT LEVEL SWITCHING
DISTRIBUTIONS BY FUEL TYPE
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i ndustry, there are strong trends that span industries. NAT GAS is the nost
popul ar technology in 11 out of 17 industries, and 38.8%of all manufacturing
pl ants possess this technol ogy. The second nost popul ar technol ogy is ELEC
with 30.1%of plants using this technology. ELECis the nost popul ar
technology in 5 out of the 17 industries. Table 2 shows that nearly 19% of

pl ants possess significant fuel swtching capability, although the propensity
to have this technol ogy does vary considerably across industries. Plants in
the food, textile, and paper industries are nore likely to possess fue
switching capability than plants in the remaining industries. The inter-

i ndustry trends for COAL and RESID are nore consistent in that the propensity
to adopt either of these technol ogi es never exceeds 3.8% The remaining

t echnol ogy, DI ST, displays tremendous variation, with the instrunent industry
rarely using this technology (.7%, while 34. 7% of the plants in |unber enpl oy
Dl ST

TABLE 2: ENERGY TECHNOLOGY DI STRI BUTI ONS
BY 2-DIA T | NDUSTRY

| ndustry ELEC RESID DIST NAT GAS COAL SWTCH
Food 15.2 1.2 2.7 45. 4 0.6 34.9
Textil es 21.9 3.8 11.2 19.5 1.7 42.0
Appar el 47. 6 2.4 22.3 17.2 0.1 10.6
Lunber 39.6 1.9 34.7 19.3 0.0 4.5
Furniture 26.1 1.1 11.5 34.0 1.6 25.8
Paper 11.5 3.3 3.7 45.6 2.2 357
Printing 14. 3 2.1 2.3 47.1 0.0 11.3
Chem cal s 20.2 1.4 4.8 39.4 1.3 33.1
Rubber 27.3 3.6 3.1 41.1 0.2 24.7
Leat her 28.8 2.0 19.5 27.7 2.4 19.5
Stone and A ay 16.1 0.2 31.3 28.2 1.2 23.0
Fabri cat ed

Met al s 28.5 0.8 11.0 44. 6 0.7 14. 4
Machi nery 23.6 0.2 10.8 45.9 0.4 19.2
El ectronics 33.3 0.8 2.8 51.0 0.2 12.0
Transportation 34.8 0.5 4.2 40.9 1.0 18.6
I nstrunents 58.7 0.8 0.7 27. 4 0.0 12.3
M scel | aneous 52.3 0.3 3.0 29.6 0.4 14. 4
Tot al 30.1 1.3 10.3 38.8 0.6 18.9

Table 2 al so denonstrates that there is considerable heterogeneity in
energy technol ogies within and across industries. Wat is the source of this
het erogeneity? As discussed in the introduction, nmany factors enter into the
ener gy technol ogy adoption decision. These factors include energy prices and
availability in addition to plant |evel characteristics. As the economes
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associ ated with each fuel vary, so the energy technology a plant adopts is a
function of plant characteristics, such as size and energy intensity. The
di stributions of these characteristics vary across industries, so these plant
specific characteristics may explain sone of the inter, as well as the intra,
i ndustry heterogeneity. The tables that foll ow present breakdowns of energy
technol ogy by plant |evel characteristics. Table 3, presents the cross
tabul ati on between energy technol ogy and size quintile, where size is defined
as the quantity of BTUs consuned in a plant. 1 O the cross tabul ations that
follow, the size table exhibits the nost distinct patterns.

. _________________________________________________________________________________________________________________________________|]

TABLE 3: ENERGY TECHNCLOGY DI STRI BUTI ONS BY S| ZE

QUI NTI LE
Si ze
Quintile ELEC RESID D ST NAT GAS QAL SW TCH
1 58.3 1.2 7.6 27.5 0.0 5.3
2 37.0 0.3 12.5 40.1 0.3 9.8
3 25.4 1.1 15.6 41.7 0.1 16.1
4 23.7 0.7 10. 6 43.9 0.2 20.9
5 6.5 2.9 5.3 36.6 2.1 43.2
Tot al 30.1 1.3 10. 3 38.8 0.6 18.9

Size Quintile 1 is the smallest, 5is the largest.

The rel ationshi p between size and energy technol ogy i s nmost pronounced
for ELEC and SWTCH, where SWTCH is sharply increasing with size and ELEC i s
sharply decreasing. The ELEC results could indicate that snall energy
consunm ng plants are not perforning operations that involve the heating of raw
materials. |If a plant is prinmarily coal using, then there is a 75% chance the
plant is in the largest quintile. The patterns for the three remaining
technol ogi es are not as distinct. NAT GAS and D ST are nonnonotoni cal |y
related to size, as the propensity to solely rely on these fuels initially
i ncreases, then decreases with the last quintile. This final decrease is in
part due to the tremendous increase in the likelihood of SWTCH in the |argest
quintile.

1 \Wien the size quintiles are determned within each 2-digit industry,
the results are very simlar except that the trends for ELEC and SWTCH are
not as pronounced.
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TABLE 4. ENERGY PRI CE AND TECHNCLOGY DI STRI BUTI ONS
BY CENSUS REG ON

ENERGY TECHNOLOGY

REG ON ELEC RESI D DIST NAT GAS COAL SWTCH
1 41.0 5.5 18.9 19. 4 0.1 15.1
2 35.9 2.9 18.1 23.5 0.5 19.1
3 13.6 0.1 3.0 56. 8 0.8 25.6
4 27.4 0.1 2.2 52.6 1.1 16.7
5 35.6 1.6 14. 4 27.1 0.7 20.7
6 25.9 0.1 9.8 32.3 1.2 30.7
7 28.4 0.0 6.5 46. 4 0.1 18.6
8 7.2 0.1 25.2 44.9 0.3 22.5
9 44.1 0.9 8.2 39.0 0.0 7.8

MEAN 1985 ENERGY PRI CES
(Al figures are in dollars per mllion BTU.)
REG ON FEectricity Residual Dstillate Natural Gas Coal

1 25.14 4.15 8. 05 6. 62 2.32
2 25.79 4.32 7.84 5.91 1.76
3 19. 22 4.37 7. 66 5.23 1.87
4 18.12 3.60 6. 77 4. 65 1.46
5 18. 36 4.12 7.27 5.20 1.90
6 16. 53 3.96 6. 63 4.50 1.82
7 19. 08 4.08 6. 29 3.39 1.71
8 17.50 4.17 6.71 4.72 1.31
9 20. 74 4.94 6. 87 5.20 2.22

Regi on: 1=New Engl and, 2=M d Atlantic, 3=East North Central, 4=West
North Central, 5=South Atlantic, 6=East South Central, 7=Wst South
Central, 8=Mountain, 9=Pacific

Tabl e 4 presents how energy technol ogy varies by Census region, and
there is considerabl e variation across regions. Region affects the energy
technol ogy for several reasons. First, different industries are concentrated
in different regions of the country. Second, energy prices and energy
availability vary by region. The region with the | owest probability of using
NAT GAS is New England, with only 19.4%of plants, which is 50%I| ess than the
national average. The distribution for SWTCH and ELEC are al so varied, with
only 7.8%of Pacific using SWTCH and 7.2%of Muntain plants using ELEC

Part of the regional variation in energy technol ogi es can be attri buted
to regional variation in energy prices. Table 4 also presents average fuel
prices, in dollars per nmllion BTUs, by the nine Census regions for 1985, and
there are quite pronounced regional price differentials. 2 (ne nmmj or cause
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for regional price differentials is transport costs. For instance, the 1985
price for natural gas in the Wst South Central region, where nmuch of the
domestic supply of natural gas is produced, is 49% | ower than the average
price paid in New Engl and. Note that New England al so has the | owest val ue of
NAT GAS.

[11. A MODEL OF ENERGY TECHNOLOGY ADOPTI ON

This section presents a putty-clay nodel of energy technol ogy adoption
where future energy prices are uncertain. The nodel explores the conditions
i n which plants woul d adopt fuel switching technol ogy versus |ess expensive
single fuel technologies. |In this nodel, the fuel switching technol ogy all ows
plants to consume the | owest cost fuel after prices are realized. In this
case, the fuel swtching technology protects plants froma price shock to a
single fuel. Moreover, as discussed in the introduction, there are severa
ot her advantages that fuel switching technology provides for plants;
protecti on agai nst supply shocks, and the ability credibly negotiate | ower
prices in inperfect energy markets. 2

In this nodel the objective for a risk neutral plant is to choose the
energy technol ogy that mnimzes total expected energy related costs. These
expected costs include two conponents; the variable cost of fuels and the
fixed costs associated with each energy technology. Initially we exam ne the
case where there are two fuel types, A and B, and three energy consum ng
technologies; T , that consunes only A, T ; that consumes only energy B, and a
fuel switching technology, T  that has the capability to consume either A or
B. The fixed costs for T , Tgs and Tgare K( (O, Kg(Q, and K Q,
respectively. These fixed costs include such things as storage facilities,
pol | uti on abat ement equi pnent, personnel training, and the cost of new
boil ers. The cost for each technology is an increasing function of size,

To understand the energy technol ogy adopti on decision of plants, we nust
realize that these decisions are made in a dynanic world where plants nake
fixed cost decisions in the current period based on expectations of prices in
future periods. In dynamc nodel s where there are nonconvexities in adjusting

2 There are wide differences in per BTU prices across the fuels, as
there are differing externalities associated with a BTU of electricity

conpared to a BTU of coal. Hectricity is cleanest while coal is the
dirtiest, and gelatinous residual fuel oil is harder to use than distillate
fuel oil.

2 \What we nmean by supply shocks is when the supply of a fuel is
forcibly curtailed, such as the natural gas shortages of the 1970's.
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the state variable, state dependence arises. |In this paper we devel op a one
period nodel of energy technol ogy adoption, where the plant initially
possesses T ., The plant in this nodel nust decide whether to incur a fixed
cost to change to either T 5 or Tg Wich technol ogy a pl ant deci des to adopt
depends on the initial condition, so we also examne the other initial
condition possibilities; the plant initially possessing T s Or a new pl ant
that initially possesses no technol ogy.

Wiet her or not a plant changes its energy technol ogy depends upon
whet her the expected cost savings exceed the fixed cost of changing the
technol ogy. The variable costs associated with each technol ogy depend upon
the prices for the two fuel types, p . and pg. The prices are jointly
distributed with density h(p . pPs), E(PA)=Ha E(pg) =Hs Var(p=F3 Var(pg=F3 and
Corr(pa ps)=D. W assune that energy does not have any short run substitution
possibilities with the other inputs in production, allowi ng us to focus on the
sub- probl em of ninimzing energy rel ated costs. 2

These costs include the variable costs associated with purchasing of
fuels and the fixed costs of technology. The expected energy rel ated costs,
E(C, of the three energy technol ogi es becone

E(C,) =VYn, ,
(1) E(Ch) =vyhy « KG(Y)
E(Cy) = YE(min(p,,py)) + K (Y)

The expected costs for the two single fuel technologies are straightforward,

as they include the expected price and any fixed costs. The expected energy
price paid by a plant with the fuel swi tching technol ogy, E(m n(p ~Pg)), IS a
wei ght ed sum of the conditional expectation of p A When p, < pg and the expected
val ue of pgwhen pg < pa

E (min (P Pg)) = E(Pal Pa<Py) Prob (p,<py)
+ E(ppl Pg<p,) Prob (py<py)

(2)

Through sone nani pul ation, (2) may be expressed as

2 This strong separability is only assunmed so we can derive closed form
solutions on the expected profits for each of the three energy technol ogies.
At a plant level, this nmay not be an unrealistic assunption. |If there are
short run substitution possibilities, then the expected advantages of the fuel
switching technology will be overstated.
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E(min (p,, pg)) = Ha- E(paPalPa>Py) "Prob (p>py)
(3) or
= UB - E ( pB_pA| pB>pA) -Prob (pB>pA) .

Notice that the equations in (3) inply that in all cases in which
Prob(p »>pg) .0 and Prob(p g>p,) .0, the expected fuel costs of the fuel switching
technology will be less than mn(p A Hg); E(MN(p o Pe)) < Mn(HU A Hg) -

In order to explore (3) further, we assune h( f) is a bivariate nornal
distribution. The properties of truncated normal distributions are well
established, and this is the prinmary reason we chose the normal distribution
inthis analysis. Let p ;=pa,ps and p;-N(Hs;, F3), where W =g, pg and F3=F3+F2-
2DF,F;. Then,

4 E(paPalPp>Pp) 'Prob (p>pg) = E(py|p;>0) *Prob (p,>0)
(4 - 1, (1-8x)) - o30(x)

where x=-p ,/F; and M and N are the cumul ative and margi nal standard nor nal
di stribution functions, respectively. Substituting (4) into (3), the expected
energy related costs for the fuel swtching technol ogy becores

(5) E(C,) = V(@ (x) + na(1-®(x)) - o30x)) + K, (¥)

There are three terns in which the nean fuel prices appear in (5). The first
two terms are a wei ghted average of the two mean fuel prices, where each
weight is the probability of that fuel being the cheaper of the two.

The third term - F;N(x), represents a savings in expected variabl e cost
fromhaving the fuel swtching technology. Notice that F:N(x) is a decreasing
function of the absolute difference in the energy prices. As the difference

inthe two fuel prices increase, the value of having the option to switch
bet ween fuel s decreases since the expected opportunities to exercise the
option to switch fuels decrease. Enpirically we will be able to test whether
the probability of adopting T 4 decreases as one of the fuel prices approaches
extreme val ues.

Figure 3 illustrates the expected energy related costs of the three
technol ogi es over a range of @ 5 and for a given value of p , For sinplicity
and without |oss of generality, we let p ,=0. Two curves, E(C ,) and E(Cy),
represent the expected costs of the two single fuel technologies: FEC AR
i ndependent of Y 5 while E(Cy) is alinear function of ¢ g wth slope (. Figure
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3 also contains two curves for the fuel swtching technol ogy, with the
di fference being that E(C ), is based on having a higher fixed cost than
E(Cs) .- As pggets small, the difference in E(C ) and E(Cg) approaches the
difference in the fixed costs of the technol ogies, K {O-Kg((Q. As pjggets
large the difference in expected costs between T s and T, approaches K4 (). In
the limts of p g E(Cg mmcecs the expected costs of the single fuel
t echnol ogi es, however with a parallel shift equal to the difference in fixed
costs. The second derivative of E(C ) with respect to u 5 is negative,
i nplying that E(C ¢ is concave, as shown in figure 3.

The plant chooses the energy technol ogy with the smallest expected
energy related costs. Note that for E(C ),, there is a range (M & Mg) for which
the fuel switching technology has the | east expected cost. However, if the
fixed cost associated with T 4is too large, as denonstrated by E(C ¢),, then Tg
wi Il never be chosen. In this case the expected variable costs savings
provi ded by the fuel switching technol ogy never exceed the differential in
fixed costs.

Figure 3 illustrates that as the absolute difference in the expected
fuel prices increases, the less likely it is that the plant will adopt T s A
sone point Wy it no longer is profitable for the plant to purchase T s but
rather it is nore profitable to remain with T L

The expected cost curves in figure 3 assune that the plant initially
possesses T .. However, if the initial conditions change, then the technol ogy
ranges al so change. For instance, a new plant nust pay a fixed cost for any
technol ogy. For the case of a newplant, E(C ) in figure 3 will shift upwards
by Ky ( (), resulting in an increase in p . Anewplant will therefore be nore
likely to adopt T gthan a plant that initially possesses T , or Tg The other
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Total Expected Energy Costs

Figure 3: Expected Energy Costs by
Technology

T /la* I 1 T 1 1(8'1* 1 T T

Expected Price of B

—=— E(Ca) —— E(Cb) —*<— E(Cs)1 E(Cs)2
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possible initial condition is that the plant initially possesses T s Under
this scenario, the plant has no incentive to adopt any of the single fuel
bur ni ng technol ogi es, since doing so would entail a fixed cost and no possible
reduction in fuel costs. 2

Expected fuel prices and the initial conditions greatly influence the
ener gy technol ogy adoption decision for a plant. Additionally, (u mHMp) is a
function of the renaining parameters of the nodel, variances, covariance, and
size. Intuitively, variances and covariances affect the expected costs
associated with the fuel switching technol ogy since the fuel swtching
t echnol ogy provides the plant with the option to buy the | east costly fuel.
As with standard option pricing, the value of the option depends not only on
the expected prices, but also on the variances and covariances of the price
series. This is also true for this special option

Inrelation to figure 3, variance paraneters affect the curvature of
E(Cs), and E(Cg),, but do not change their values in the limts. For instance,
as the correlation between the two fuel prices increases, the expected fue
costs of the fuel switching technol ogy al ways increases since the
opportunities to exploit using a cheaper fuel decrease. Additionally, the
expected costs increase at a decreasing rate.

ok (C.) :o
6 It ]
(6) 5 Y op ) >0
#E(C,) ¢ (x)0,0p
7 s =Y 1+03 <0
(7) o ]

The effect of increasing the correlation between the two prices is to make
both E(C¢), and E(Cg), less concave: as D increases, U increases and y g
decr eases.

The effect on expected cost is less clear when the variance of one of
the prices is changed, as the derivative of the expected cost of the fuel
switching technol ogy with respect to one of the standard deviations is
anbi guous.

Z  There may be incentive to change fromT ¢ if the efficiency of the
ener gy technol ogi es i ncreases over tine.
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oF. (Cy) aa, .
=Y—¢(x) <0 if 0,>p0C,

(8) 9a, da,

> 0 if g,<poy

&°E (Cy)

(9)

2
aca

Al though the first derivative is anbi guous, the second derivative is
unanbi guousl y negati ve.
The remai ni ng paraneter of the nodel, (, is size. Thereis
consi derable variation in ( across plants, and the energy technol ogy
di stribution varies considerably by size. W focus on plant size, in terns of
the total anount of energy consuned, since economes do vary by fuel type.
For instance, electricity, the nost expensive fuel in terms of BTUs per
dol lar, requires no storage facilities, while the consunption of coal requires
trai ned personnel, storage facilities, and pollution abatenent costs.
At the point pg E(Cg)=E(Cg). To examne the effect of size on p 5 we
inplicitly differentiate this equality to produce
(10) p (1@ (x)-0,0(x)) + 8(Ks(y) -Ky(y))/dy )

oy Y& (x)

An increase in ( affects E(Cg and E(Cg) through two channels. The first is
by increasing the expected variable costs of the fuels, while the second is by
i ncreasing the fixed costs of the technol ogies. As the energy requirenents
for a plant increase, the expected variable cost savings fromthe swtching

t echnol ogy increase proportionately. As denmonstrated by (3), the expected
margi nal increase in the variable costs is less for a plant with T s than a
plant with T ; by pgM(x)+F;N(x). Notice that this expected price differentia
between the two technologies is the first quantity in the numerator.

The second conponent in the numerator of (10) is the marginal difference
inthe fixed costs of the two technologies. |If these expected variabl e cost
savi ngs exceed the marginal difference of the fixed costs, then the plant will
be nore likely to purchase T 4 The fixed cost of the fuel swtching
technol ogy, K¢ (), will be at least as muich K (). Let f( Q=K (Q-Kg( Q. It
is reasonable to assune that f( () is an increasing function: the difference
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in fixed costs between T 5 and T increases with the size of the furnace or
oven. If there are scale econonies in heating equipnent, then f( () nmay be
concave. |If f( () is concave, then the sign of (10) is nore likely to be
negative as ( increases.

A simlar exercise is performed for the upper bound of E(C s 1-

(11) My - [Pa(1-®(x)) -0 (x) -8K () /Y]
oy Y(1-@(x))

Agai n the numerator has two conponents. The first is the difference in the
expected variabl e costs between T ¢ and T, which is always negative. If the
expected costs savings exceed the narginal fixed cost, then the plant wil

nore |likely purchase T .

This one period nodel is capable of producing heterogeneity in energy
technol ogy through several different nechanisns. The first is that plants may
enter this nodel with different initial conditions; new plants may chose a
di fferent technol ogy than existing plants. A second heterogeneity generating
factor is the variance across plants in expectations of future energy prices.
A portion of this variation is attributable to geographic factors. Third, due
to the econom es associated with each technol ogy type, the energy technol ogy
depends upon size. Gven the wide distribution of plant sizes in
manuf act uri ng (see Dunne, Roberts and Samuel son (1988)), heterogeneity nay
arise solely on account of the underlying size distribution

Ext ensi ons

In the introduction, several other advantages of possessing fue
switching technol ogy are suggested. For instance, if energy narkets are not
perfectly conpetitive, then the presence of the fuel swtching technol ogy
nmakes the threat of going to an alternative fuel credible since the plant
al ready has the capital capable of burning another fuel.

Anot her reason for plants to adopt fuel switching technology is as an
i nsurance agai nst supply shocks, especially in light of the natural gas
shortages of the 1970's. By 1981 the shortages of natural gas abated and a
glut had appeared. However, there is good reason for the natural gas supply
shocks to affect the energy technol ogy observed in 1985. In the nodel
presented in this section, if the plant started with the fuel switching
technol ogy, then it has no incentive to adopt a single fuel system Wth the
fuel switching technol ogy the plant nay al ways purchase the | east cost fuel
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However, plants do change their energy technol ogies for reasons other than to
alter the fuel consumed, nmore recent technologies are nore efficient.

The nodel presented here can be nodified to address the supply shock
scenario. W have assurmed that the prices for the two fuel types are jointly
normal ly distributed. To incorporate the supply shock, the nornal
distribution can be nodified to include a non-zero probability of a near
infinite price.

V. ESTI MATI ON AND RESULTS

The appropriate estimation method depends on the hypotheses to be tested
and the data used. The energy technol ogy adoption decision is inherently
dynam c, as plant managers deci de each period whether to stay with their
present technol ogy, or adopt a new technol ogy. Unfortunately, the data
avai l abl e on energy technol ogy are cross-sectional; we observe the energy
technol ogy state of plants in 1985 without knowi ng their previous or future
state paths.

In order to incorporate some of the dynam c aspects of the nmodel, the
cross-sectional energy technology data are merged with historical plant |eve
i nvestnent and age data, in addition to historical energy supply and price
data. These historical variables are included in the estimation to perform
crude tests of the extent that past energy supply and price conditions have on
the technol ogy present in 1985. In addition to variables that describe past
and present energy market conditions, the estimated nodel al so includes plant
specific variabl es such as nmeasures of size, energy intensity, 2-digit
i ndustry dumm es.

Esti mation
The paraneters of the nodel are estinmated using a multinonial |ogit
procedure. # The probability of adopting single fuel technology j is given by

exp (ByX,)

= .
Y exp (B:))
ka1

(12) Fy*

24 Methods for estimating discrete choice nmodels in which the error
structure is nore general have been posited by MFadden (1989) and Pakes and
Pol  ard (1989).
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Separate sets of B ;'s are estimated for the RESID, DI ST, NAT GAS, COAL, and
SWTCH technol ogies. % For identification, the 's for ELEC are set equal to
0.

The R;"s are estimated using the entire sanple, which pools observations
across all industries. 26 A disadvantage of pooling across industries is that
the assunption of the B ;'s being constant across industries is inposed.
However, there is a benefit to pooling. The frequencies of COAL, RESID, and
Dl ST technol ogi es becone sparse for many 2-digit industries, and therefore
require the exclusion of nmany explanatory variables. A though pooling inposes
cross industry paranmeter restrictions, it permts a nuch richer nodel
specification. To reduce the cross industry restrictions, 2-digit industry
dumm es are included in the NAT GAS and SWTCH equations to capture some of
the innate preferences particular industries may have towards particul ar
t echnol ogi es.

Resul ts

The energy technol ogy adoption decision is a function of many vari abl es.
Some of these variables include plant specific characteristics, such as size,
age, and energy intensity. Qher variables include neasures of energy market
conditions, such as prices, natural gas availability, and the severity of
previ ous natural gas shortages. The nunber of paraneters estimated from (12)
is 189.

For each of the five estinated equations, Appendix A provides detailed
variabl e definitions, and a conplete listing of the paraneter estimates,
standard errors, t-statistics, and nean values. Unfortunately, due to the
nonlinearity of the nodel, visual exam nation of the paraneter estinates does
not readily convey the inpact a variable has on the predicted probability of
adopting a particular energy technol ogy. To remedy this problem a series of

% SWTCH contains all plants that have significant fuel switching
capability. As stated in the data section, over 90%of plants that have
switching capability can use natural gas as a fuel. |In earlier work, SWTCH
was further broken down by the mx of fuels that plants could switch between
In estimation, the nodel had little predictive ability in selecting the
speci fic switching technol ogy, however, the nodel does have sonme predictive
power in whether there is sone swtching capability.

% Recall that the Petroleum Refining (SIC 29) and Primary Metals (SIC
33) industries are not included in this analysis.

27 A nmuch sinpler specification for equation 13 was al so estimated by 2-
digit industry. Across the 2-digit industry estimates, there were strong
commonalities for the effects of size and prices
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graphs and tabl es present how t he expected probability for each technol ogy
varies over the rel evant range of the independent variables. These predicted
probabilities are cal cul ated, using (13), by varying the variable of interest
while holding all other variables in systemto their mean values. In nost of
the figures, the predicted probability for each technology is conputed from
the fifth percentile to the ninety-fifth percentile of the variabl e of
i nterest.

The discussion of the results is divided by variables that describe
pl ant characteristics and variabl es that describe energy market conditions.

Pl ant Characteristics

An influential variable in the nodel is the anount of energy consuned in
a plant. The variable SIZE is defined as the total energy consunption for a
plant, measured in BTUs. The logarithmof SIZE, along with the |ogarithm
squared and cubed, are included in each of the five estimated choice
equations. Additionally, the logarithmof SIZE is interacted with own price
in each equation, allowing for price elasticities to vary by SIZE. Figure 4
presents the predicted probability for each technol ogy over a logarithnic Sl ZE
scale. 2 The nunbers along the logarithmc SIZE scale are the percentiles of
the SIZE distribution. W present the percentiles of the SIZE distribution
instead of the value of the logarithns of SIZE to allow the reader to see how
the predicted probabilities change for the distribution of plants as Sl ZE
vari es.

The predicted probabilities displayed in figure 4 vary trenendously by
SIZE. Snall energy consumng plants are rmuch nmore likely to possess the ELEC
or NAT GAS technol ogies. However, the propensity to possess ELEC quickly
di m ni shes. As discussed in the data section, all plants rely on electricity
to some extent. |If a manufacturing plant does not require energy to generate
steamor to heat raw materials, then the plant is likely to rely on
electricity for machinery power and lighting. These plants will then likely
be relatively small energy consuners. Additionally, the fixed costs
associated with electricity are snall, as storage facilities are not required.

Wiile the predicted probability of ELEC initially decreases, the
predicted probability of NAT GAS i ncreases. NAT GAS possesses the greatest
predicted probability for over 50% of the sanple, and is the second | argest
for nost of the rest. However, even though NAT GAS has the highest predicted

2 Alogarithmc scale is used since the plant-Ilevel distribution of
SIZE is very concentrated anmongst snall plants.
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probability for nmost of the SIZE range, its predicted probability never
exceeds 50% After the 25th percentile of SIZE, the predicted probability of
NAT GAS nonot oni cal | y decr eases.

The nost striking results in figure 4 are those for SWTCH The
predicted probability of SWTCH is nonotonically increasing over the 5th to
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95th percentile in SIZE. For the 95th percentile, the predicted probability
of SWTCH approaches 70% the |argest predicted probability over the rel evant
range of SIZE. These results suggest that there are strong scal e econonies
associ ated with fuel swi tching technol ogi es.

The predicted probabilities of the other technologies tend to be nearly
i nsignificant over large ranges of SIZE. The predicted probabilities for D ST
hover between 10% and 15%for a | arge range of SIZE before declining as Sl ZE
i ncreases. An interesting phenormenon occurs for COAL. Beyond the 95th SIZE
percentile, the predicted probability of COAL does rapidly increase. For the
very largest plants in the sanple, the predicted probability of COAL exceeds
60% while the predicted probability of SWTCH di mnishes to 30% This result
is consistent with large fixed and external costs associated with the burning
of coal, such as storage facilities and pollution abatenent equi prent.

A second plant specific neasure of energy consunption, |NTENSITY,
is conputed as the ratio of SIZE to dollars val ue added. The correlation
between SIZE and INTENSITY is .43, signifying that |arge energy consun ng
plants are not necessarily energy intensive plants. |INTENSITY, its square and
cube are included in each of the five equations. Figure 5 presents the
predicted probabilities of the six energy technol ogies over the fifth to
ninety-fifth percentile of INTENSITY. Again, like SIZE the distribution of
I NTENSI TY is heavily skewed, and figure 5 is presented using a logarithmc
scale. The percentiles of the INTENSITY distribution are noted on the x-axis.

Al though not as drastic as the SIZE results, the predicted probabilities
do vary considerably over the range of INTENSITY. The |argest changes in
predicted probabilities occur after the 50th percentile, especially with ELEC
The ELEC results conformto the theory that ELEC plants are less likely to
undertake process heating. Consequently, these plants will be relatively
smal | energy consuners and will not be very energy intensive. The predicted
probabilities in figure 5 suggest that natural gas and distillate fuel oil are
desirable for energy intensive applications. This is due in part to the high
tenperature and desirable flame properties of natural gas.

SWTCH shows | ess covariation with | NTENSI TY than ELEC, DI ST, or NAT
GAS. However, there is a slight positive relationship, denmonstrating that the
greater reliance the production process is towards energy, the greater the
l'i keli hood that SWTCH will be installed. However, the relationship is weak
with only an increase in 5% of the predicted probability. This is an
interesting result. It denonstrates that plants with energy intensive
applications are not nore likely to insure against price or supply shocks by
adopting fuel switching capability. Instead, the results seemto suggest that
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hi ghly energy intensive applications may require special fuels, such natural
gas and distillate fuel oil.
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TABLE 5: PREDI CTED PRCBABI LI TY OF ADCPTI ON BY 2-DIA@ T | NDUSTRY
| ndustry ELEC RESI D D ST NAT GAS CQOAL SW TCH
Food 5.8 0.6 6.8 44. 2 0.14 2.5
Textiles 16. 2 1.6 18.9 24.6 0.2 38.6
Appar el 18.0 1.8 21.0 27.1 0.2 32.0
Lunber 28.5 2.8 33.3 23.6 0.3 11.5
Furniture 9.8 1.0 11.5 35.3 0.1 42.3
Paper 6.7 0.7 7.8 48. 8 0.1 36.0
Printing 8.5 0.8 10.0 51.5 0.1 29.1
Chemi cal s 8.7 0.8 10.1 42.5 0.1 37.8
Rubber 13.1 1.3 15. 3 35.7 0.1 34.6
Leat her 12.2 1.2 14. 3 34.8 0.1 37.3
Stone and d ay 15.1 1.5 17.6 30.6 0.2 35.1
Fabricated Metals 12.0 1.2 14.0 45.5 0.1 27.1
Machi nery 5.7 0.6 6.7 45. 6 0.1 41. 4
El ectronics 8.7 0.9 10.2 57.4 0.1 22.7
Transportation 13.0 1.3 15.2 46. 4 0.1 24.0
I nstrunents 12.8 1.3 15.0 37.9 0.1 32.9
M sc. 9.6 0.9 11.2 38.1 0.1 40.0
Tot al 10.5 1.0 12. 3 42.8 0.1 33.2
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The final plant characteristic that we control for is 2-digit industry.
To capture sone of the innate industry preference towards specific energy
t echnol ogi es, the SWTCH and NAT GAS equations contain dummy variabl es for 2-
digit industries. #® These dummy vari abl es shoul d capture the preference an
i ndustry has towards an energy technol ogy, after controlling for size, energy
intensity of the production process, and prices. %0

Table 5 presents the predicted probabilities for an average
manuf acturing plant by 2-digit industry. Recall that table 2 displays a large
amount of variation in energy technol ogies within and across industries.
However, the distributions in table 2 do not control for factors that
i nfl uence the energy technol ogy of a given plant that al so varies by industry.
For instance, mean plant SIZE and I NTENSI TY vary trenendously by 2-digit
i ndustry, as shown in Appendix B. Table 5 shows the variation in industries
that can be attributable to differences in the propensity to consume fuel by
i ndustry. The predicted probability for NAT GAS obtains a high of 40.8 for
the Electronics industry, and a low of 14.1 for Lunmber. Sinilar spreads exist
for the other energy technologies. For SWTCH a plant in the Food industry
is nost likely to adopt fuel swtching capability while again Lunber is the
least likely. 3

Energy Market Characteristics

The other set of variables that are included in estimation capture
energy narket conditions. Specifically, the estinated nodel possesses
vari abl es that neasure energy prices, availability, and variance. Just how
t hese nmeasures should be constructed and used in estimation is unclear. The
appropriate price measures to include in the estimation depends upon the nodel
of energy technol ogy adoption. The energy technol ogy adopti on nodel is
dynam c, where plants update their expectations regarding future energy prices

2 |n the unwei ghted sanple, SWTCH and NAT GAS provi de the |argest
nunber of observations, and that is why 2-digit industry dumm es are included
in the SWTCH and NAT GAS equations. Additionally, a dummy variable is not
i ncluded for industry 21, Tobacco Products, due to the small nunber of
observati ons.

%0 Recall that prices are based on heat content, and not on the other
characteristics of the fuels, such as ease of use, tenperature control, flane
characteristics, or enissions.

81 Part of the explanation for the | ow propensity for plants in Lunber
to use natural gas is that lunmber nmills are often in rural areas without
access to natural gas. Later in this section, a discussion follows that
descri bes the control variables used for natural gas availability.
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each period, and deci de whether or not to replace their technology. Due to
the fixed costs involved with changing technology, it is not always profitable
to change a technol ogy even though expectations of future prices may have
altered. For this framework, current prices, and expectations or future
prices are needed. Unfortunately, the energy technol ogy data used in this
study are cross-sectional, and we do not know when the energy technol ogy was
adopt ed, and therefore plant specific expected energy prices based on tine of
adoption can not be generated

Several approaches to energy prices are used in this study. The first
approach infers energy technol ogy adopti on dates by conbi ning plant age and
new nachi nery investnment data. The second approach uses average energy prices
for the 1982-1984 period. 1In the first approach, plant age and capital age
information is used to place the energy technol ogy adoption date within five
year intervals. Actual energy prices, and forecasted energy prices (a second
order autoregressive nodel with a linear time trend) based on these inferred
t echnol ogy adoption intervals are included in the nodel. However, these
expected prices did not performwell in that they are not significant and have
only nmarginal inmpacts on the predicted probabilities. The poor perfornmance of
these prices nay have occurred for several reasons.

In the 1970's the price of natural gas was regulated. Due to the
artificially low price, shortages of natural gas devel oped. Some trade
literature suggests that those industrial firns that coul d purchase natural
gas did so since natural gas prices were nore favorable than prices from ot her
fuels. 3 However, natural gas has not been available in all markets, so in
the 1970's the price of natural gas was not the primary factor for plants not
using natural gas. Hence, the expected energy prices based on plant age are
not indicative of the true variables that entered into the decision. Anot her
reason why the expected prices at the inferred adoption date may not have
performed well is that the inferred adoption date is sinply incorrect.

The second approach to prices, constructing an average of the 1982-84
prices, produced the best nodel fits. By 1982 natural gas prices increased
closer to true market levels. Variables based on energy price forecasts and
realized prices after 1985 were included in previous versions of the nodel.
The inclusion of these future prices did not produce inproved nodel fits. An

%2 The rel ative price of natural gas increased nore than any other fue
bet ween 1978 and 1985.
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explanation is that relative energy prices have shown very little change at
the state level before and after 1985. %

In the following results, the 1982-1984 average fuel prices are used.
In each of the single fuel technologies two sets of prices are included: the
price of the own fuel and the price of electricity. % For the SWTCH
equation, natural gas and residual prices are used since plantz with fue
swi tching technol ogy have the capability to use these two fuel s nost
frequently. ¥ In each of the equations, the log of prices, the square and
cube are included. Additionally, the own price in each equation is interacted
with Sl ZE

% The correlation between the ratio of natural gas to residual fue
prices in 1983 to 1987 is .95.

% Recall ELECis the onmtted equation in the nultinomal logit system
To test whether the energy technol ogy choice is a function of electricity
prices, the price of electricity is included in each of the estimated
equations. The predicted probabilities for the six energy technol ogi es do not
vary consi derably over the range of electricity prices.

% Al plants with significant switching potential are classified as
SWTCH regardl ess of the types of fuels they may switch to and from Over 90%
of SWTCH pl ants have the capability of meeting a najority of their energy
needs with natural gas. Mdels failed to distinguish between fuel specific
cat egori es.

37



38



natural gas prices
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W focus first on natural gas prices since natural gas is the nost
wi dely used fuel in nanufacturing, and fuel switching technol ogies often can
use natural gas as a fuel source. Figure 6 presents the predicted
probabilities over the range of natural gas prices, and some interesting
patterns emerge. Wen natural gas is relatively inexpensive, as in states
such as Loui siana, the predicted probability for NAT GAS reaches 63.2% Wen
natural gas prices increase fromthe |owest level to 31.5% higher, the
predicted probability of NAT GAS falls to 43.3% A nost all of this decrease
i s absorbed by SWTCH, whose predicted probability increases from17.7%to
37.8% The predicted probabilities for the other technol ogi es remain
rel atively constant over this range.

Recal|l in the nodel section that the expected benefits of the switching
t echnol ogy di m nish as the absolute difference in the energy prices increase.
The predicted probabilities in figure 6 confirmthis prediction. As the price
of natural gas reaches either extrene, the predicted probability for SWTCH is
| ow, since the expected opportunities to use the switching capability are
small. Wen the price of natural gas is low plants are nuch nore likely to
adopt NAT GAS; conversely when prices of natural gas are high plants are nmuch
nore likely to adopt ELEC or DI ST.

Figure 6 displays the conplex rel ationship between the predicted
probability for each energy technol ogy and the price of natural gas. The
prices of residual fuel oil, distillate fuel oil, electricity, and coal, also
enter the nodel. Table 6 summarizes the sensitivity of the predicted
probability for each technol ogy and changes in each of the fuel prices. The
statistics presented in table 6 are the change in the predicted probability of
technology j for a 1%increase in fuel price i. These elasticities, >, are
conput ed as
an

dPrice i

(13) Eya"

where P, is defined in (13). The elasticities are conputed for each
technol ogy-price conbination. 3¢ Table 6 presents three sets of >, depending
on whet her they are conputed at the 10th, 50th, or 90th percentile of SlZE

For exanple, a 1%increase in natural gas prices |leads to the predicted

% The results for COAL are onmitted since the expected probability of
CAL is always | ess than 2%

40



probability for NAT GAS to decrease by .25, for a plant in the 10th Sl ZE
percentil e.

41



TABLE 6: PREDI CTED PRCBABI LI TY PRI CE ELASTI G Tl ES
EVALUATED AT THE 10TH, 50TH, AND 90TH PERCENTI LES CF SI ZE

10th Sl ZE Percentil e

ELEC RESI D DST NAT GAS SWTCH
Electricity .10 .01 -.42 .23 .08
Resi dual -.12 -.05 -.07 -.25 . 49
Dstillate 11 .01 -.44 .23 .09
Nat ural Gas .57 .03 .34 -.02 -.55
P. P. 21.85 1.25 12. 97 45, 98 17. 90
50th SIZE Percentil e

ELEC RESI D DST NAT GAS SWTCH
Electricity .04 .01 -.40 .20 .14
Resi dual -.05 -.04 -.06 -.22 .37
Distillate .08 .01 -.68 .33 . 26
Nat ural Gas .28 .03 .33 -.01 -.43
P. P. 10. 52 1.03 12.31 42.81 33.21
90th SIZE Percentil e

ELEC RESI D DST NAT GAS SWTCH
Electricity .01 .01 -.09 .04 .04
Resi dual .02 -.05 .01 .04 -.02
Distillate .03 .01 -.28 .06 .18
Nat ural Gas .18 .03 .05 -.01 -.02
P. P. 10. 88 1.82 2.87 21.92 62. 09

P.P.= Predicted Probability
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The nunbers in table 6 nust be viewed with caution. Recall in figure 6
that the predicted probability of SWTCH is a non-nonotonic function of the
price of natural gas. The results in table 6 are conputed at the neans of al
the variables in the nodel, except for SIZE The statistics in table 6 do
not convey any measures of concavity, convexity, or nonotonicity in the
rel ati onshi ps between prices and predicted probabilities.

Omn price elasticities are negative, except for electricity. Over the
range of electricity prices, the predicted probability of ELEC changes little.
The own price elasticities for residual, distillate, and natural gas are
negative, with D ST being the nost price sensitive in each Sl ZE category. An
interesting result is that the predicted probabilities for D ST, NAT GAS, and
SWTCH, generally become less price sensitive fromthe 50th to the 90th Sl ZE
percentile. Large energy consumng plants are nuch nore likely to possess
SWTCH, and as a result, the price of a single fuel is not as influential.

The anal ysis of energy market conditions and energy technol ogy has so
far focused on energy prices. However, other energy market conditions
i nfl uence the energy technol ogy choice of plants. For instance, whether or
not plants chose NAT GAS does not only depend on prices, but also on whether
natural gas is available, and whether the supply of natural gas in the past
has been stable. In the estinated nodel, two controls for natural gas
availability and supply stability are incl uded.

Natural gas availability has increased during the past several decades,
however, thre are renote areas that did not have access to natural gas in
1985. UWsing the 1975 Annual Survey of Manufactures data on natural gas usage,
we compute how much of the manufacturing fuel requirements in each county is
nmet by natural gas. A dummy variable, NAT75, is set equal to one if there is
a significant of natural gas consuned in a county in 1975, otherw se NAT75 is
0. For the sanple used in this study, 72.6%of plants are in counties in
whi ch natural gas was used in 1975. %

Table 7 presents how the predicted probabilities of the six energy
t echnol ogi es vary dependi ng on the value of NAT75. This variable greatly
i nfluences the predicted probability of several of the technologies. The
predi cted val ue of NAT GAS nore than doubles from22.80 to 48.64. Absorbing
nost of this increase is D ST, whose predicted probability plummrets from 40.55

% This variable, NAT75, is not the ideal measure for whether or not a
pl ant can hook up to a natural gas pipeline. However, it appears to
di sti ngui sh between urban and rural areas, where rural areas are less likely
to have access to natural gas.
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to a mere 7.03. The other |arge change in predicted probability occurs for
SWTCH This result is not surprising since fuel switching equi prent often
relies on natural gas as one of the fuel sources.

TABLE 7: NATURAL GAS AVAI LABILITY IN 1975
AND PREDI CTED PRCBABI LI TY CF ADCPTI ON

ELEC RESI D DIST NAT GAS COAL SWTCH
NAT75=0 11.19 2.69 40.55 22.80 .17 22.60
NAT75=1 9.21 . 64 7.03 48.64 .09 34. 39

Even in areas in which natural gas is generally avail abl e, shortages of
natural gas have occurred. During the severe winters in the md 1970's,
nat ural gas shortages devel oped in many parts of the country, and the supply
shortages vary in severity by region. Starrett (1976) presents average
curtailnment rates for 10 regions. W include this variable, CURTAIL, along
with its square and cube, in each of the five estinmated equations. % Figure 7
presents how the predicted probability for each technol ogy varies over the
rel evant range of CURTAIL. There is generally a positive relationship between
the degree of curtailments and the predicted probability of SWTCH
Corresponding to the increase in SWTCH the predicted probability for NAT GAS
declines dranatical ly.

The degree of curtailments in natural gas supplies is a measure of the
variance in supply. In the nodel section we briefly explore the role of
variances and covari ances of prices on the expected energy related costs of
the fuel switching technology. In estinmation we include several measures of
price variance, and these variance measures have little inpact on the
predicted probabilities. One neasure of price variance is sinply the standard
deviation of a fuel price over tine. The other neasure included in estination

% |n a supplement to the 1976 Annual Survey of Manufacturers, 5,000
pl ants were asked how many production worker hours were lost as a result of
natural gas supply disruptions. Unfortunately we do not have access to the
mcro data. However, the results are published for 21 states. For these 21
states we conpute the ratio of production hours lost to total production
hours, and included this variable in estimation. For the remaining states, we
use a national average, as no other information is available. This variable
has little inpact on the predictive ability of the nodel
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is the variance of the error termfromthe price forecast equation. As with
the prices, the question arises as to the appropriate definition of variance.
That is, should variances based on data formthe 1970's be used, or should we
l[imt ourselves to the 1980's? An additional problemarises since the price
data used in this study are annual, and this annual price data mask higher
frequency volatility.

V.  CONCLUSI ON

This paper is a first step in exploring how the manufacturing sector
responds to energy price shocks by examning the factors that influence the
ener gy technol ogy choice of individual manufacturing plants. Using plant
I evel data fromthe 1985 MECS and the LRD, this paper documents the
het erogeneity in energy technol ogi es across and within industries. The
obj ective of this paper is not just to document the heterogeneity, but to
expl ain how this heterogeneity has arisen by using basic econom c concepts.

In order to test the inpact of certain variables on the energy
t echnol ogy adoption decision, we estinate a multinomal |ogit nodel of
t echnol ogy choice. For sinplicity, the variables that enter the nodel are
classified into two categories; plant |evel characteristics and energy market
conditions. Overall we find that both sets of variables greatly influence the
ener gy technol ogy adopti on deci si on

Because fuels differ in their attributes, the nost econom cal energy
technol ogy for a plant depends on the anount of energy consuned and the
producti on process. There is great variance in how nuch energy plants consune
and the energy intensity of production. Qur results show that |arge energy
consunmi ng plants are nore likely to adopt fuel switching technol ogies,
i ndi cating the existence of strong scale econonmes for the fuel switching
technol ogy. Plants that partake in energy intensive applications are nore
likely to rely on natural gas and distillate fuel oil. Even after controlling
for the amount of energy consumed and the energy intensity of the production
process, we still find great innate industry preferences towards particul ar
t echnol ogi es.
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FIGURE 7: PREDICTED PROBABILITY OF
ADOPTION AND NATURAL GAS CURTAILMENTS

90

80 i

Predicted Probability

o2
42 82 123 16.3 204 24.4 284 325 36.5 406 44.6
% Curtailment

-=— ELEC —— RESID —— DIST
—=— NAT GAS —<« COAL —— SWITCH

%Curtailment is based on the witnter of 1974/5 natural gas curtailments .
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Besi des the variables that describe the characteristics of manufacturing
pl ants, the nodel al so includes variables that describe energy market
conditions that each plant faces. The natural experinent that enables us to
identify the inpacts of energy market conditions on the energy technol ogy of a
plant is that energy market conditions vary drastically by geographica
region. The estimated nodel in this paper uses fuel prices and variables that
capture natural gas availability.

The price results are interesting. As the price of natural gas
i ncreases, the predicted probability of relying solely on natural gas
decreases. The relationship between natural gas prices and the predicted
probability of adopting fuel swtching technology confirns to the nodel of
ener gy technol ogy adoption. As the price of natural gas reaches either
extrene, the predicted probability of adopting fuel switching technol ogy
decreases since the opportunities to exploit fuel switching capability
decr ease.

The price of natural gas is not the only factor in whether plants rely
primarily on this energy source since not all communities have had access to
natural gas, and some communities underwent severe natural gas shortages in
the 1970's. Qur results indicate that the severity of natural gas shortages
of the 1970's is positively related to the predicted probability of possessing
fuel switching technol ogy in 1985.

The data used in this paper are cross sectional, and do not all ow
explicit nodeling of the dynam c process of the energy technol ogy deci sion of
plants. However, our results indicate that a portion of the heterogeneity in
energy technol ogi es can be attributable to the heterogeneity in plant
characteristics and geographi cal dispersion of energy prices and supplies.
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APPENDI X A
VARI ABLE DEFI NI TI ONS, PARAMETER ESTI MATES,
T- STATI STI CS, AND MEAN VALUES

Thi s appendi x contains the paraneter estimates for the multinonial |ogit

nodel of energy technol gy choice

5=

el

21 exp (B KX k)

Seperate sets of R's are estinated for the RESID, D ST, NAT GAS, CQAL, and

SW TCH t echnol ogi es.

followed by the parneter estimates,

the estimated equati ons.

Vari abl e Dictionary

ACEL

ACGE2

ACE3

CAP1

CURTAI L

CURT2

ECQAL

EDI ST

dummy vari abl e whet her
dummy vari abl e whet her
dummy vari abl e whet her
const ant

dummy vari abl e whet her
after 1980

dummy vari abl e whet her
bet ween 1975 and 1980

In this appendi x, we present a variable dictionary,

t-statistics, and nean val ues for each of

the pl ant
the pl ant
the pl ant

the pl ant

the pl ant

percent of natural gas curtail ed

started between 1964 and 1974

started between 1975 and 1981

started after 1981

underwent significant investnents

underwent significant investnents

in the 1974/5 w nter

percent of worker hours |ost due to natural gas curtail ments

average square error for coa

i near trend.

pri

ces froman AR(2) nodel with a

average square error for distillate fuel oil prices froman AR(2)
nodel with a linear trend
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ENATGAS

ERESI D

I NDxx

| NTENS

LSI ZE

NAT75

PDI ST

PELEC

PNATGAS

PRESI D

STCQAL

STD ST

STNATGAS

STRESI D

average square error for natural gas prices froman AR(2) nodel
with a linear trend

average square error for residual fuel oil prices froman AR(2)
nodel with a linear trend

dummy variable for 2-digit industry xx
the ratio of total BTUs consumed in a plant to dollars val ue added
| ogarithm of total BTUs consuned in the plant

dummy variable, =1 if the county had access to natural gas in
1975, =0 ot herwi se

state | evel 1982-84 average price of coal

state | evel 1982-84 average price of distillate fuel oi

state | evel 1982-84 average price of electricity

state | evel 1982-84 average price of natural gas

state | evel 1982-84 average price of residual fuel oi

standard devi ation of coal prices for 1980-1987

standard deviation of distillate fuel oil prices for 1980-1987
standard devi ation of natural gas prices for 1980-1987

standard devi ation of residual fuel oil prices for 1980-1987
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Estinmates fromthe RESID Equation

Vari abl e R T- st at Mean
C 172. 304 0. 158 1. 000
PRESI D -326. 631 -0.153 1.531
PELEC -168. 393 -1.451 2. 957
Sl ZE -0.101 -0.091 - 6. 505
CURTAI L 0.112 0. 453 12. 529
| NTENSI TY 0. 600 9.538 2.536
STRESI D -8.100 -0. 460 26. 330
ERESI D 605. 964 2. 565 0. 829
NAT75 -1.239 -3.721 0.726
CURT2 -0.280 -1.033 0. 983
AGE1 0. 550 1.972 0. 235
AGE2 -1.328 -2.886 0.199
AGE3 -2.387 -4.189 0. 251
CAP1 1. 467 3.568 0.321
CAP2 1.883 4.435 0.224
PRESI D2 266. 931 0. 194 2.345
PELEC 2 53. 375 1. 258 8.742
S| ZEr2 -0. 007 -0.093 42. 315
CURTAI L"2 -0.010 -0.602 156. 977
I NTENSI TY?2 -0.021 -8.516 6. 430
STRES| D*2 0. 275 0. 410 693. 244
ERESI D2 -577.632 -2.622 0. 688
PRESI D3 -69. 274 -0.235 3.591
PELEC*3 -5.625 -1.101 25. 846
S| ZEr3 0. 000 0. 070 -275. 259
CURTAI L"3 0. 000 0.515 1966. 777
I NTENSI TY?3 0. 000 7. 350 16. 305
STRES| D*3 -0.003 -0.347 18252.788
ERESI D3 168. 593 2. 680 0.571
PRESI D* SI ZE 0. 110 0. 164 -9.962
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Estinmates fromthe D ST Equati on

Vari abl e 3 T- st at Mean
C - 8540. 397 -3.235 1. 000
PDI ST 13211. 935 3. 363 2.024
PELEC - 316. 982 - 6. 303 2. 957
Sl ZE 0.199 0.176 - 6. 505
CURTAI L 0. 880 8. 616 12. 529
| NTENSI TY 0.794 15. 876 2.536
STDI ST -11. 122 -3.394 13. 172
ED ST - 84. 366 -3.536 0. 866
NAT75 -1.558 -11. 664 0.726
CURT2 0. 295 4. 323 0. 983
AGELl 0. 399 2.733 0.235
AGE2 -0.192 -0. 562 0.199
AGE3 0. 083 0.225 0.251
CAP1 -0. 295 -0.835 0.321
CAP2 0. 949 2.816 0.224
PD STA2 -6529. 849 -3.375 4. 097
PELECM2 112. 156 6.124 8.742
Sl ZEr2 -0. 150 -1.436 42. 315
CURTAI L"2 -0. 057 -9.411 156. 977
| NTENSI TY?2 -0. 029 -11. 319 6.430
STDI STA2 0. 854 3.382 173. 509
ED STA2 84. 395 3.278 0.751
PD ST"3 1074. 693 3.386 8. 293
PELEC"3 -13.242 -6.022 25. 846
SI ZEr3 -0. 000 -0.083 -275.259
CURTAI L"3 0. 001 9.686  1966. 777
| NTENSI TY*3 0. 000 10. 508 16. 305
STDI ST~3 -0.021 -3.304 2285.517
ED ST"3 -25. 285 -2.811 0. 651
PDl ST* Sl ZE -1.037 -2.113 -13. 167
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Estinmates fromthe NAT GAS Equati on

Vari abl e R T- st at Mean
C -105. 323 -3.004 1. 000
PNATGAS -37.187 -1.214 1.623
PELEC 148. 435 4. 401 2. 957
Sl ZE -0.706 -3.081 - 6. 505
CURTAI L 0.324 6. 325 12. 529
| NTENSI TY 0. 607 15. 395 2.536
STNATGAS 1. 427 6. 451 9. 564
ENATGAS -71. 279 -7.919 0. 464
NAT75 0. 952 8.631 0.726
CURT2 -0.042 -0.938 0. 983
AGE1 -0.227 -2.387 0. 235
AGE2 -1.366 -6.700 0.199
AGE3 -1.132 -5.854 0. 251
CAP1 0. 445 2.422 0.321
CAP2 0.781 3.844 0.224
PNATGAS" 2 29. 273 1. 477 2.635
PELEC 2 -56. 134 -4.555 8.742
S| ZEr2 0. 025 0. 759 42. 315
CURTAI L"2 -0.027 -8.024 156. 977
I NTENSI TY?2 -0.020 -12.590 6. 430
STNATGASN 2 -0.124 - 6. 345 91. 470
ENATGASM 2 125. 685 7. 093 0.216
PNATGAS" 3 -7.648 -1.811 4.277
PELEC*3 6. 883 4.629 25. 846
S| ZEr3 0. 007 3.295 -275. 259
CURTAI L"3 0. 000 8. 408 1966. 777
I NTENSI TY?3 0. 000 9. 817 16. 305
STNATGAS"3 0. 003 5. 940 874. 812
ENATGAS" 3 - 66. 795 -6.281 0. 100
PNATGAS* S| ZE 0. 154 1.541 -10. 559
| ND22 -1.609 -5.875 0. 021
| ND23 -1.618 -7.842 0. 045
| ND24 -2.216 -12.391 0. 066
| ND25 -0. 749 -3.417 0. 027
| ND26 -0.041 -0.172 0. 027
| ND27 -0.230 -1.532 0.116
| ND28 -0.439 -2.192 0. 040
| ND30 -1.023 -5.844 0. 052
| ND31 -0.985 -2.937 0. 009
| ND32 -1.320 -7.427 0. 059
| ND34 -0.696 -4.776 0. 115
| ND35 0. 045 0. 316 0. 164
| ND36 -0. 145 -0.879 0. 064
| ND37 -0.755 -3.399 0. 024
| ND38 -0. 946 -4.680 0. 035
| ND39 -0. 650 -3.603 0. 052
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Estinmates fromthe COAL Equati on

Vari abl e R T- st at Mean
C -20. 343 -0.118 1. 000
PCQOAL 17. 282 1.907 0. 644
PELEC 29. 138 0. 153 2. 957
Sl ZE 0. 107 0. 236 - 6. 505
CURTAI L 0.573 1.969 12. 529
| NTENSI TY 0.613 10. 539 2.536
STOOAL 0. 040 0. 036 6. 596
ECOAL -179. 996 -1.741 0. 169
NAT75 -0.506 -1.252 0.726
CURT2 -0.074 -0.334 0. 983
AGE1 -2.202 -2.732 0. 235
AGE2 -2.595 -3.061 0.199
AGE3 -1.327 -1.938 0. 251
CAP1 0. 818 1. 347 0.321
CAP2 1.344 2. 360 0.224
PCQOALN2 8. 635 0. 482 0. 415
PELEC 2 -11.185 -0. 160 8.742
S| ZEr2 0.118 1. 657 42. 315
CURTAI L"2 -0. 040 -2.158 156. 977
I NTENSI TY?2 -0.020 -11.023 6. 430
STOQALN2 -0.027 -0. 206 43. 509
ECQALN2 887. 404 1.671 0. 028
PCQOAL"3 - 28. 669 -1.658 0. 267
PELEC*3 1.278 0. 151 25. 846
S| ZEr3 0. 009 1.563 -275. 259
CURTAI L"3 0. 001 2. 025 1966. 777
I NTENSI TY?3 0. 000 9. 443 16. 305
STOQALN3 0. 002 0. 404 286. 993
ECQAL"3 -1277. 619 -1.540 0. 005
PCQOAL* Sl ZE 1.199 2. 002 -4.189

53



Estinmates fromthe SWTCH Equati on

Vari abl e R T- st at Mean
C 100. 675 0. 926 1.000
PNATGAS 109. 011 2. 644 1.623
PRESI D -232. 952 -1.093 1.531
Sl ZE -0.318 -1.091 - 6. 505
CURTAI L 0. 017 0. 239 12. 529
| NTENSI TY 0.572 14. 117 2.536
STNATGAS 0. 052 0.170 9. 564
STRESI D -11. 254 -2.377 26. 330
ENATGAS -43. 451 -3.754 0. 464
ERESI D 64. 493 2.217 0. 829
NAT75 0.614 5. 040 0.726
CURT2 -0.133 -1.975 0.983
AGE1 -0. 205 -1.857 0.235
AGE2 -1.137 -5. 346 0. 199
AGE3 -1.044 -5.021 0. 251
CAP1 0. 580 2.979 0.321
CAP2 0. 999 4.795 0.224
PNATGAS" 2 -53.534 -2.049 2.635
PRESI D2 194. 028 1. 369 2.345
S| ZEr2 0. 022 0. 600 42. 315
CURTAI L"2 -0. 005 -1.131 156. 977
I NTENSI TYA2 -0.020 -12.090 6. 430
STNATGASN 2 0. 002 0. 068 91. 470
STRES| D*2 0. 454 2. 546 693. 244
ENATGASM 2 72. 809 3. 252 0.216
ERESI D2 -95. 490 -2.740 0. 688
PNATGAS" 3 8. 196 1.501 4. 277
PRESI D3 -50.923 -1.628 3.591
S| ZEr3 0. 005 2.272 -275. 259
CURTAI L"3 0. 000 1. 847 1966. 777
I NTENSI TY*3 0. 000 9. 603 16. 305
STNATGAS"3 -0. 000 -0.231 874.812
STRESI D*3 -0. 006 -2.725 18252. 788
ENATGAS" 3 -36. 764 -2.759 0. 100
ERESI D3 45, 154 3.230 0.571
PNATGAS*SI ZE 0. 718 5.741 -10. 559
PRESI D*SI ZE -0. 556 -3.865 -9.962
| ND22 -1.119 -4.495 0. 021
| ND23 -1.411 -5.887 0. 045
| ND24 -2.896 -10. 925 0. 066
| ND25 -0.529 -2.207 0. 027
| ND26 -0. 305 -1.199 0. 027
| ND27 -0.759 -4.153 0.116
| ND28 -0.515 -2.388 0. 040
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Estinmates fromthe SWTCH Equati on (Conti nued)

Vari abl e R T- st at Mean
| ND30 -1.015 -5.285 0. 052
| ND31 -0.877 -2.294 0. 009
| ND32 -1. 146 -5.888 0. 059
| ND34 -1.176 -6.837 0. 115
| ND35 -0.012 -0.075 0. 164
| ND36 -1.036 -4.914 0. 064
| ND37 -1.373 -5.184 0. 024
| ND38 -1.048 -4.136 0. 035
| ND39 -0.564 -2.622 0. 052
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APPENDI X B

PLANT LEVEL MEANS OF SI ZE AND | NTENSI TY
BY 2-DIA T | NDUSTRY

| ndustry S| ZE | NTENSI TY
Food 5.88 3.30
Textil es 5.88 5.42
Appar el 0. 26 0.85
Lunber 0. 65 3.01
Furniture 0. 68 1.31
Paper 22.80 6.70
Printing 0.28 0. 86
Chem cal s 32. 80 6.73
Rubber 2.01 2.82
Leat her 1.30 2.11
Stone and d ay 9.19 8. 57
Fabricated Metal s 1.22 2.43
Machi nery 0.61 1.13
El ectronics 1.35 1.18
Transportation 21.94 1.36
I nstrunents 1.17 0. 67
M scel | aneous 2.46 0.94

Sl ZE=nean plant size in 10's of nillions of BTUs
| NTENSI TY= t housands of BTUs per 1985 dol | ar val ue added.
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